Low-energy deposition of individual metal clusters ͑6-2000 atoms͒ on a ͑100͒ surface is studied for copper, nickel, platinum, silver, and gold by means of molecular-dynamics simulations. For different temperatures ranging from 0 to 750 K we determine the maximum size of clusters that will achieve complete contact epitaxy upon deposition. The results show that two mechanisms contribute to epitaxial alignment. For the smallest cluster sizes, the heat of adsorption released at the interface will immediately ͑ps time scales͒ allow the cluster to melt and become epitaxial by resolidification. This effect gives roughly the same limit for all elements studied. On longer ͑ns͒ time scales, the clusters can align epitaxially by thermally actived motion of twinning dislocations. This mechanism leads to much higher limits of epitaxy than the resolidification process. Moreover, the resulting limits differ significantly between the elements.
I. INTRODUCTION
Thin films are widely used in contemporary science and technology since they can improve the mechanical, optical, electronic, and magnetic properties of materials. 1 If the thinfilm deposition shall cause no or very little damage to the substrate, nanocluster deposition at low energies can be an alternative to conventional deposition methods, because it allows significant growth rates at low deposition rates. 2 Since the cluster size offers one more degree of freedom in the deposition conditions, nanocluster deposition allows access to process windows ͑defined by, e.g., incoming particle energy, substrate temperature, etc.͒ that do not exist for conventional deposition methods. Moreover, nanocluster deposition offers a natural way to grow nanocrystalline thin films with a well-controlled grain size.
Cluster deposition methods differ from single-atom ones in that a cluster incoming on a substrate has an internal atomic structure, which is randomly oriented with respect to the substrate. The first step in the development of nanocluster growth methods for single-crystalline substrates is thus to understand under which conditions the deposited clusters become epitaxial with the substrate. If they always become epitaxial immediately on impact ͑before the next cluster lands in the same position͒, the deposition results in epitaxial growth. If all or parts of the cluster remain in a random orientation, nanocrystalline growth will result.
At high enough deposition energy it is always possible to get epitaxial clusters. However, high energies damage the substrate upon which the clusters are deposited, and hence there has been considerable interest in studying low-energy cluster beam deposition. Several studies have noted that when low-energy clusters are deposited on a surface, smaller clusters tend to align epitaxially, while larger ones retain some part of their original structure. [3] [4] [5] [6] [7] This is usually attributed to, e.g., competition between the adsorption energy released in the impact and the intrinsic stress energy of the cluster, 4, 8 or, in the case of the cluster and substrate consisting of different elements, to the relative hardness of the cluster and substrate. 4 For face-centered-cubic ͑fcc͒ metals the boundaries between epitaxial and nonepitaxial parts have been reported to be twin boundaries, 5, 9 which is natural since the twin boundary energy in fcc metals is very low. 10 The consequences of this fact have, however, not been studied in detail so far, and there is, to our knowledge, no study that has systematically examined the boundary between epitaxial and nanocrystalline growth.
In a previous work from our group, 11, 12 the maximum copper cluster size for which epitaxial growth can be achieved for deposition on a copper ͑100͒ surface was determined using molecular-dynamics simulations. It was found that the effective radius of the limiting cluster size is roughly linearly proportional to temperature, in the temperature range 0 -750 K.
The aim of the current work is to use a comparison between different elements to be able to correlate material parameters with the degree of epitaxy, and thus determine the mechanism by which epitaxy is achieved for single clusters. This is the first step towards understanding thin-film growth; although on continued deposition also surface roughness 13, 14 and adatom migration 15 affect the final state, knowing the mechanism by which the first clusters become ͑or do not become͒ epitaxial is crucial for understanding all the further steps.
II. METHOD AND SIMULATIONS
We examined the limiting size of clusters that achieve complete epitaxy upon deposition on a ͑100͒ surface using molecular-dynamics simulations. The limit was determined for copper, nickel, platinum, silver, and gold, in the temperature range 0 -750 K, the surface and cluster always being at the same temperature and consisting of the same element.
The embedded-atom-method potentials 16 by Foiles et al. 17 were used to describe the interatomic interactions. These potentials are widely tested and have a common parametrization. They have been fitted to the same properties of the corresponding elements, that is, to the lattice constant, sublimation energy, bulk modulus, elastic constants, and vacancy formation energy. In addition, an analytic bond-order potential for platinum 18 was used since it reproduces the high experimental stacking fault energy. This potential will be referred to as Pt BO .
It must be emphasized that none of the potentials reproduce the properties of the corresponding element perfectly. Therefore the elements must be regarded as a representative set of fcc metals, rather than their exact counterparts in nature.
The simulation procedure was as follows. The clusters were created as cuboctahedra and relaxed for 25 ps while keeping the temperature constant using the temperature control algorithm by Berendsen et al. 19 After this, the clusters were allowed to float freely for 2 ns to make sure they had reached stable minima. Only in the cases of the softer elements ͑as measured by the Debye temperature, i.e., Ag, Au, and Pt͒ and temperatures above 450 K was there any further evolution during the free float, indicated by a rise in temperature. In these cases the temperature control and free float were repeated until a stable configuration had been obtained. At all temperatures, most clusters remained cuboctahedra upon relaxation. The ones with atom numbers equal to one of the icosahedral magic numbers 20 invariably relaxed to multiply twinned icosahedra. Note that in a previous study by our group, 11, 12 the effect of the initial cluster morphology on epitaxial alignment was shown to be minor.
The deposited clusters varied in size from 6 to ϳ2000 atoms and the ͑100͒ surface area was chosen such that its lateral size was at least three times the cluster diameter. Periodic boundary conditions were applied in the ͑010͒ and ͑001͒ directions. In addition, two atomic layers at the sides and bottom of the cell were kept at the chosen temperature, and two further layers were fixed at the bottom of the cell to simulate bulk matter.
After relaxing both the cluster and surface, the cluster was rotated randomly and placed above the surface. It was translated randomly from the center of the surface in the interval ͓−a , a͔ in both the ͑010͒ and ͑001͒ directions, where a is the lattice constant at the temperature in question. In the ͑100͒ direction the cluster was placed just beyond the potential cutoff from the top surface atoms. A kinetic energy of 25 meV per atom was then given to the cluster towards the surface and the simulation was run for 2 ns. This deposition energy is small enough not to play any role in epitaxial alignment.
For each cluster size and temperature, 20 simulations were run to collect statistics. This number is rather small, but compensated by the fact that the number of nonepitaxial final states rises fast with the number of atoms, such that the limit of epitaxy can be determined reliably.
To find the maximum size of clusters that would align completely epitaxially with the surface, we chose ͑arbi-trarily͒ to consider a particular cluster size epitaxial, if less than one tenth of the simulated events were nonepitaxial, corresponding to a 90% confidence interval. Each individual cluster was judged epitaxial if there were no stable twins or other grain boundaries within the cluster during the 2-ns simulation. Hence clusters in which planar defects appeared and disappeared were considered epitaxial even if the final state had a subgrain. Epitaxiality was thus determined mainly by visual inspection.
As a quantitative measure of the degree of epitaxy, 9 we calculated the structure factor
where the sum is over the N atoms, with coordinates r i , in the system, and k is the wave vector
with the Miller indices n i and lattice constant a. The square of the structure factor calculated from the cluster atoms was normalized to the structure factor of the substrate. Thus defining
a value close to unity indicates epitaxy. However, the structure factor unfortunately does not admit easy comparison between elements. This is due to the differences in their thermal vibrations.
III. RESULTS
Results for the maximum size N crit of clusters that reach complete epitaxy upon deposition on a surface are shown in Fig. 1 . The left vertical axis shows the cube root of the number of cluster atoms which serves as an effective radius for the clusters. The upper error limit shows the next largest cluster size, which no longer is epitaxial. Thus the error bars are not defined in a statistical sense and it must be emphasized that the ordering of the critical cluster sizes between the elements is significant at the high temperatures.
The upper cluster size limit for complete epitaxy has been previously determined for the case of copper in Refs. 11 and 12. Our present results for Cu agree with the ones presented there. The roughly linear dependence between the effective radius of the limiting cluster size and the temperature, observed in Refs. 11 and 12, equally holds true for the elements studied in this work.
Apart from the overall increase of the limit of epitaxy with temperature, there are two main features. We will first discuss the low-and then the high-temperature behavior of the limit.
A. Low temperature: Cluster heating
First, at low temperatures ͑Շ150 K͒, the limit of epitaxy is relatively independent of element. Here the limit is low, corresponding to a cluster of at most ϳ100 atoms. Visual inspection showed that in these cases the epitaxial configu-
Critical cluster sizes at 0 K predicted by different mechanical melting models. In "Segment" and "Cross section" the surface areas lost due to the adsorption are 2rh and r 2 , respectively. In "JKR" the area is determined by the model of Johnson, Kendall, and Roberts ͑see text͒. The markers show the sizes obtained from simulation. ration was usually achieved on short ͑below ϳ50 ps͒ time scales, if it was achieved at all during the whole 2-ns simulation. This can be understood by monitoring the temperature profile which shows that the cluster is raised to a high temperature on impact, as the surface energies at the clustersubstrate interface are released. The temperature profiles in the case of nickel clusters at 0-K initial temperature are shown in Fig. 2 . The heating allows for complete reordering of the cluster, as observed in previous works. 4, 9, 11, 12, 21 What is somewhat surprising in our results is that this effect appears to be independent of element within the uncertainty. This can be understood by calculating the size of the largest cluster that melts upon deposition. A melting temperature independent of cluster size is used in the calculation. We return to the motivation of this approach later.
As the cluster lands on the surface, the energy release, and thus cluster heating, is as a first approximation proportional to the surface energies, according to
where ␥ is the surface energy and 2A the surface area lost due to the adsorption. ␤ is inserted to account for a possible difference in the amount of energy transferred to the cluster and to the substrate. We set ␤ = 2, corresponding to half the energy to the cluster and half to the substrate. The difference in the result caused by a different ␤ is qualitatively negligible.
There are several possible ways to define the contact area A between the cluster and substrate. For the time being, we approximate the cluster by a sphere and estimate A by the area of its segment, with height h, so that A =2rh, where r is the radius of the cluster. Cluster atoms close enough to the substrate, i.e., within the interaction range, can be regarded as taking part in the cluster-substrate interface. Hence h will be taken equal to one lattice constant, i.e., h = a, which is almost exactly equal to the interaction range of the potential. Other possible definitions of A will be discussed below.
The change in temperature needed to melt a cluster is ⌬T = T melt − T i , where T i is the cluster's initial temperature. Setting the energy required for this heating equal to the surface energy released to the cluster gives the relation
where N is the number of atoms in the cluster, N = 16r 3 3a 3 . The released energy is divided by 2 due to the equipartition theorem. We thus have for the limiting cluster size the expression
͑6͒
As mentioned earlier, the above derivation has been made assuming a melting temperature independent of cluster size, whereas it is well known that the melting of nanoclusters is a subtle issue. 20 However, in the case of cluster deposition, the heating induced by the released surface energy dissipates very fast, within a few ps. Hence thermodynamic melting, which is a nucleation-and-growth process, can be questioned as the relevant mechanism. Instead, we propose that in order for the cluster to melt, the temperature has to rise above the mechanical melting point, or the limit of superheating. [22] [23] [24] [25] [26] At this temperature, the local free-energy minimum at the solid phase disappears, allowing for an immediate melting and subsequent recrystallization. Furthermore, as mechanical melting is homogeneous, it can be assumed to be independent of cluster size. Also, for the thermodynamic melting temperature of clusters of less than 100 atoms, no analytic formula exists, and the melting point does not vary smoothly with cluster size. 20 Finally, note that the mechanical melting temperature is about 15-20 % above the bulk thermodynamic melting temperature for a wide range of materials. [24] [25] [26] The curves calculated with Eq. ͑6͒ are shown in Fig. 1 together with the simulation results. The curves have been calculated with the mechanical melting points, or temperature limits of superheating T melt SH , ͕100͖ surface energies ␥ ͕100͖ , and lattice constants a, obtained from the corresponding potentials. The first two of the above quantities are listed in Table I . The mechanical melting points were obtained by simulating a small crystalline cell with periodic boundary conditions and pressure control, ͑hence allowing for no nucleation centers for equilibrium melting͒ and determining the temperature at which the crystal melted. The above calculation gives good agreement with the limit of epitaxy at low temperature, and the different elements have, according to the model, very similar limits throughout the current temperature scale.
To repeat, the main assumptions in our model are ͑i͒ the size independence of the mechanical melting point and ͑ii͒ the choice of the definition of A. To examine other choices for A, we consider two more cases. First, for very small clusters, simply the cluster cross section A = r 2 could be considered, giving r crit ϰ ͑T melt − T i ͒ −1 . Second, we could take the Hertz contact law. 27, 28 The model of Johnson, Kendall, and Roberts 28, 29 ͑JKR͒ modifies this to include an adhesive force resulting from the surface energy U =−r c 2 2␥, where r c is the radius of the interface region. This model results in a critical cluster size
.
͑7͒
The constant C JKR = ͓18␥͑1− 2 ͒ / Y͔ 2/3 , where Y and are the ͑in this case microscopic͒ Young's modulus and Poisson's ratio 17 of the material, respectively. The results at 0 K from the melting model with the above definitions of A are shown in Fig. 3 . From the figure, it seems that our simulations are not accurate enough to make a difference between the different possible choices for the contact area. The segment based model and the JKR model seem to be somewhat better than the cross-section based model, except for the prediction of the JKR model for platinum.
The decisive role of the mechanical melting point can also be seen from the temperature profiles, shown for nickel clusters at 0 K in Fig. 2 . The largest epitaxial cluster size is six atoms, which is also the largest size for which the temperature reaches above the mechanical melting point. Similar behavior is observed for the other elements. Fig. 5͒ where a twin boundary moves one layer towards the surface. The large spheres represent the fourth and the small spheres the sixth ͕111͖ layer ͑see text͒. For every frame, the spheres indicate the atom positions at the given time while the lines give their movement since the first frame. The Shockley partial dislocation line is sketched in each frame.
The fact that the limits at low temperature are so close to each other can now be understood. Note the surface energies which are listed in Table I . These differ by at most about a factor of 2, but the elements with the highest surface energies ͑Ni and Pt͒ also have the highest melting points ͑30-50 % higher than that of Ag, which has the lowest surface energy͒. Hence the elements with the highest energy release are also the ones where it is hardest to melt the cluster and cause reordering of it. Since these two effects thus counteract each other, the expected difference in the simulated limit of epitaxy is comparable to the uncertainty, and thus not visible in our results.
Finally, as the melting model dominates only below ϳ150 K for the present results, we used an analytic bondorder potential for platinum, 18 for which the melting model dominates over the entire temperature range, to further assess the model. We will return to this in Sec. III E after describing the high-temperature behavior of the limit of epitaxy.
B. High temperature
We now discuss the high-temperature ͑տ600 K͒ behavior of the limit of epitaxy. Here the differences between the elements grow until, at the highest temperature 750 K, there is a difference of a factor of roughly 5 between the lowest and highest limit of epitaxy. This difference cannot be understood in terms of the cluster heating. First, the limits are much larger than predicted by the model described before. Moreover, both visual inspection and systematic analysis of the results showed that epitaxial alignment occurs at time scales beyond the picosecond range ͑when the initial heating occurs͒. This is clearly visible from the evolution of the normalized structure factor presented in Eq. ͑3͒. The structure factor is shown in Fig. 4 in the cases of two nickel clusters. In both cases there is a late epitaxial alignment occurring after several hundred picoseconds. We next analyze in detail the mechanism of epitaxial alignment at the highest temperatures.
C. Atom-level mechanism: A case study
As a cluster is deposited on the surface, there is an initial period of disorder after which the cluster recrystallizes epitaxially either partly or in whole. In the case of partial epitaxy, the vast majority of nonepitaxial grains are accomodated to the epitaxial part with ͕111͖ twin boundaries, as noted before. 5, 9 Such a boundary is shown in Fig. 5 in the case of a 405-atom Ni cluster at 450 K.
The appearance of twin boundaries is not surprising, since their energy is very low, from about one-tenth to onethousandth of the surface energy. The twin boundary energies ␥ TB , evaluated with the potentials used in the present study, are shown in Table I with experimental values. 10 The dominance of ͕111͖ twin boundaries as the interfaces separating the epitaxial and nonepitaxial parts of deposited clusters hints that the limit of epitaxy may be determined by the mobility of these boundaries.
A typical change in stacking where a twin boundary moves one layer towards the surface is shown in Figs. 5 and 6. Parts ͑a͒ and ͑b͒ of Fig. 5 show the cluster before and after the transition, respectively. Figure 6 shows the fourth and sixth ͕111͖ layers of the cluster, counting from the upper left surface in Fig. 5 . That is, the line of sight is antiparallel to the ͓111͔ direction in Fig.  5 and the layers shown are the ones on both sides of the twin boundary in part ͑a͒.
In the first frame of Fig. 6 the stacking, counting from the seventh layer to the surface, is ABCBACB, where the layers shown in the figure have been emphasized. Thus there is a twin boundary and a total of four layers are nonepitaxial. During about 3 ps, a twinning dislocation moves through the cluster changing the stacking in such a way that the first nonepitaxial layer ͑the fourth one͒ becomes epitaxial. The rest of the nonepitaxial layers also glide in the same direction.
The dislocation is a Shockley partial, 10 which is located in the kink of the initial twin plane. The dislocation line is illustrated in Fig. 6 . Due to thermal activation, the dislocation surmounts a barrier and glides through the cluster leaving behind a perfect fcc lattice.
After the transition the stacking is ABCACBA. That is, the twin boundary has moved by one layer, as shown in part ͑b͒ of Fig. 5 . The transition can be seen as a sudden jump in the normalized structure factor, shown as the 450-K line in Fig. 4 .
D. Activation energies
The activation energy of a twinning dislocation to move over the Peierls barrier is determined by the difference between the stable and unstable twinning fault positions, since the moving partial dislocation introduces a local stacking fault. 10 Hence the relevant barrier is ␥ UTB − ␥ TB , ␥ TB being the twin boundary energy and ␥ UTB the energy at the unstable twinning fault position. The values for the present potentials 33 are listed in Table I . The energy barrier, or activation energy, E activ , which a dislocation line of length l has to overcome when it moves a distance of b = a ͱ 6 into the next minimum position is thus
We now assume that stacking fault energies are not significantly changed by finite-size effects and that the Peierls barrier estimated for the bulk material is about the same in a nanoparticle. A sensible measure for the length of the dislocation line is the diameter l of the cluster, which, for a spherical object, is given by
where is the atomic volume density and N is the number of atoms in the cluster. With this relation the activation energy E activ becomes a function of cluster size N. Let ⌫ be the frequency for a twinning dislocation of length l to cross the Peierls barrier. According to transition state theory, the temperature dependence should then be given by
where the prefactor describes the total number of attempts, which can be approximated by
Here D is the Debye frequency and l, the cluster diameter, is proportional to the number of sites at which the dislocation can start to move. Our simulations reveal, as shown in Sec. III C and Fig. 6 , that after the thermally activated dislocation motion has begun, the dislocation line is dragged to the surface by athermal processes, most likely by increasing image forces. When the dislocation line has reached the surface, it is annealed and the twinning plane has been displaced by one lattice spacing d ͕111͖ . In order for the particle to become fully epitaxial about n = r / d ͕111͖ thermally activated processes are necessary. For a given total simulation time t ͑now 2 ns͒ we finally obtain the expression
where it must be emphasized that the activation energy is evaluated at the critical cluster size. With Eq. ͑9͒ the geometry factors l and r cancel and it follows that
for the critical cluster sizes N crit . The factor 1 / d ͕111͖ D is constant within 34%, or 26% if the value for nickel, which deviates the most from the thermally activated behavior due to its high barrier, is excluded. Indeed, if we now take the critical cluster sizes N crit of the various elements at a given temperature ͑750 K͒ and calculate the corresponding activation energies from Eq. ͑8͒, we find about the same value close to 0.31 eV for all metals considered here ͑see Fig. 7͒ . The same observation holds true for the next highest temperature ͑600 K͒, where the activation energy is again the same, about 0.23 eV, for all metals, with the only exception of Ni with an activation energy of 0.28 eV. This is because Ni is the element with the highest barrier for dislocation motion, and hence the one for which the mechanism is the weakest. Obviously, thermally activated motion of twinning dislocations is the dominant mechanism for epitaxial reorientation at high temperatures.
Comparison between the barrier and the results in Figs. 1 and 7 shows that the maximum size of epitaxial clusters at the higher temperatures correlates with ␥ UTB − ␥ TB like
which follows directly from Eqs. ͑8͒ and ͑9͒. This correlation is shown in the inset of Fig. 7 .
E. Transition between heating and dislocation regimes
From the simulation results in Fig. 7 and Eq. ͑12͒ it follows that the ratio E activ / T is constant in the temperature regime, where the dislocation mechanism is active. For a single element, this, together with Eqs. ͑8͒ and ͑9͒, implies that the fraction
is constant. Figure 8 shows the fraction
as a function of temperature for the five elements, together with the curves predicted by the cluster melting model presented in Sec. III A ͓Eq. ͑6͔͒, and the constants implied by the simulations at 750 K. The transition from the low-to the high-temperature regime can clearly be seen. Only in the case of nickel, which has the highest barrier to dislocation motion, does the fraction
If the activation barrier ␥ UTB − ␥ TB becomes very high, the dislocation mechanism does not become active and mechanical melting is the dominant mechanism. In order to prove this statement and validate the melting model, we carried out additional simulations with an analytic bond-order potential for platinum, 18 which reproduces the high experimental stacking fault energy and gives a very high barrier to twin boundary migration, namely 423 mJ/ m 2 . This minimizes the effect of the dislocation mechanism described above. The potential's properties are summarized in Table I .
Repeating the analysis of the fraction
above for this potential gives the curves shown in Fig. 9 . Obviously the mechanical melting model nicely describes the simulation results over the full temperature range, whereas the naive application of the dislocation model gives an entirely different behavior. ͑Note again that the mechanical melting model has no parameters fitted to the data.͒ Moreover, as the cluster sizes are so small ͑the largest epitaxial cluster size at 750 K is 19 atoms͒, it is questionable whether applying the dislocation model in this case would make sense anyway.
IV. DISCUSSION
Our results, showing the importance of dislocation activity in epitaxial alignment, are well in line with those of Ref. 30 where copper nanocluster sintering was studied using molecular-dynamics simulation. It was found that sintering occurs by a dislocation mechanism rather than local melting at the interface. The importance of dislocations in nanoparticle reactions was also shown in the case of Pt nanocluster rotation on Pt surfaces in Ref. 31. Due to the thermally activated nature of the dislocation activity process, the limited time scales accessible to molecu- lar dynamics may affect the results. It can therefore be expected that especially at the higher temperatures, the differences in the cluster size limit between the elements are underestimated by this study.
On the other hand, during multiple cluster deposition the roughness induced by previous clusters is expected to decrease the cluster size limit for complete epitaxy. 13, 14 However, as stated in the introduction, the aim of the current work is to determine the mechanism by which clusters achieve epitaxy. The twin boundary movement mechanism recognized here can also be expected to be active during multiple cluster impacts.
V. CONCLUSIONS
We have determined the maximum size at which single clusters align completely epitaxially upon deposition on a ͑100͒ surface for the five fcc elements copper, silver, gold, nickel, and platinum, on a nanosecond time scale.
The limit of epitaxy is relatively independent of element at low temperatures. We explain this by calculating the maximum size of clusters that melt due to the surface energy released in the impact. The melting is understood in terms of mechanical melting. At high temperatures, we find that the clusters can align epitaxially by a dislocation glide mechanism, causing the migration of the ͕111͖ twin boundaries which separate the epitaxial and nonepitaxial parts of the clusters. This mechanism results in a much higher limit of epitaxy than would be possible due to the initial heating only. Moreover, the resulting limits differ significantly between the elements.
